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Maile R, Jones S, Pan Y, Zhou H, Jaspers I, Peden DB, Cairns BA, Noah TL. Association between early airway damageassociated molecular patterns and subsequent bacterial infection in patients with inhalational and burn injury. Am J Physiol Lung Cell Mol Physiol 308: L855-L860, 2015. First published March 13, 2015 ; doi:10.1152/ajplung.00321.2014.-Bacterial infection is a major cause of morbidity affecting outcome following burn and inhalation injury. While experimental burn and inhalation injury animal models have suggested that mediators of cell damage and inflammation increase the risk of infection, few studies have been done on humans. This is a prospective, observational study of patients admitted to the North Carolina Jaycee Burn Center at the University of North Carolina who were intubated and on mechanical ventilation for treatment of burn and inhalational injury. Subjects were enrolled over a 2-yr period and followed till discharge or death. Serial bronchial washings from clinically indicated bronchoscopies were collected and analyzed for markers of tissue injury and inflammation. These include damage-associated molecular patterns (DAMPs) such as hyaluronic acid (HA), double-stranded DNA (dsDNA), heat-shock protein 70 (HSP-70), and high-mobility group protein B-1 (HMGB-1). The study population was comprised of 72 patients who had bacterial cultures obtained for clinical indications. Elevated HA, dsDNA, and IL-10 levels in bronchial washings obtained early (the first 72 h after injury) were significantly associated with positive bacterial respiratory cultures obtained during the first 14 days postinjury. Independent of initial inhalation injury severity and extent of surface burn, elevated levels of HA dsDNA and IL-10 in the central airways obtained early after injury are associated with subsequent positive bacterial respiratory cultures in patients intubated after acute burn/inhalation injury. inhalational injury; burn injury; innate immunology; respiratory infection; acute lung injury BACTERIAL INFECTION IS A MAJOR risk factor for mortality following burn and inhalation injury. Experimental models suggest that direct cell damage, edema, inflammation, and immunologic changes occur in the respiratory tract after these injuries (17, 19) , and bacterial pneumonia has been linked to mortality in patients with burns and inhalation injury (9) . We have previously shown that surface burns affect expression of Toll-like receptors (TLRs) on immune cells and impact systemic immunity with a resulting bias towards immunosuppressive IL-10 production (5, 21) . However, few studies have explored the relationship between markers of tissue damage and immune response in human airways to the impact on host defense.
Damage-associated molecular patterns (DAMPs) are molecules with intracellular functions that are released by cells and tissues upon various types of injury, typically binding with low affinity to pattern-recognition receptors on cell surfaces and exerting complex effects on inflammation and immunity (16) . Specific DAMPs known to interact with TLRs include the extracellular matrix protein hyaluronic acid (HA), which can also interact with CD44 to trigger activation of the inflammasome cascade; the molecular chaperone heat shock proteins (HSP); nucleic acids, which may interact with TLR9 to activate neutrophils (11, 29) ; and the nuclear chromatin-associated protein, high-mobility box group-1 (HMGB-1) (16), which is responsible for the inflammatory response to cell necrosis (13) . It has been postulated that DAMPs can polarize macrophages and other innate cells towards an IL-10 immunosuppressive phenotype (20) .
The clinical practice of serial bronchoscopy for supportive care after inhalational injury (6) presents a unique opportunity to obtain lower airway secretions from patients for investigation of the relationships among mediators and clinical outcomes of interest. As described previously, we established a repository of bronchoscopy samples for analysis of airway mediators and their relationships with clinical outcomes and reported that high IL-10 levels in early airway secretions are associated with acute lung injury (ALI) in a cohort of 43 consecutive burn/inhalation injury patients (14) . We hypothesized that there would be an association between pulmonary DAMPs and IL-10 with pulmonary bacterial infection. Therefore, in the current study we used an expanded sample repository and clinical database to explore associations among specific DAMPs, inflammation, and bacterial infection. We report data showing that elevated levels of HA, dsDNA, and IL-10 observed early in the airway are associated with subsequent bacterial infection.
MATERIALS AND METHODS
Study design. This is a single-center, prospective observational study of intubated patients with inhalation injury and burns admitted to the North Carolina Jaycee Burn Center at the University of North Carolina at Chapel Hill (UNC) over a 2-yr period. Intubated patients underwent mechanical ventilation and one or more bronchoscopies as described previously (14) . Per clinical protocol, all patients in the study underwent at least one bronchoscopy at admission. Since indications for subsequent bronchoscopies were determined by individual clinical factors, the total number and timing of bronchoscopies varied among patients studied.
For the research protocol, patients were included if they were intubated and mechanically ventilated for known or suspected inhalational injury and underwent at least one clinically indicated bronchoscopy in the first 72 h after admission. Patients were excluded for 1) history of chronic lung disease including asthma before injury; 2) history of immune deficiency; or 3) recent (past 2 wk) use of inhaled or systemic corticosteroids. Clinical data including demographics and percent total body surface area burn (TBSA) were collected at admission. Additional clinical data including results of respiratory cultures were obtained as part of routine clinical care at the time of each bronchoscopy. After use of bronchial washings for clinical care purposes, leftover material was processed for the research protocol and stored for mediator assays described below.
Levels of "early" (Ͻ72 h postinjury) mediators measured in bronchial washings were compared with bacterial culture data during the first 14 days postinjury. Study sample size was determined by the number of consecutive eligible patients admitted and consented to participate during the 2-yr period. The first 43 patients in this series of consecutive patients are the same ones in our previous study (14) , and subsequent patients are new to the current report.
Since bronchoscopic samples used for the study would otherwise be discarded, samples were collected and processed but not stored in the repository until written informed consent was obtained from the patient's legal authorized representative (LAR). Subjects who improved subsequently were given the opportunity to confirm or deny the LAR's informed consent. The study was approved by the UNC Biomedical Institutional Review Board.
Processing of bronchial washings and mediator assays. Bronchial washing specimens were transported on ice and processed within 5 h of specimen collection. Briefly, samples were centrifuged at 300 g and aliquots of the resultant cell-free supernatant were stored at Ϫ80°C for subsequent mediator measurements. dsDNA was quantified using QuantIt PicoGreen dsDNA Assay Kit (Invitrogen, Eugene, OR), a fluorescent nucleic acid stain. Commercially available ELISA were used to quantify HA (R&D Systems, Minneapolis, MN), HSP-70 (Enzo Life Sciences, Farmingdale, NY), and HMBG-1 (IBL International; Hamburg, Germany). In addition, the same panel of cytokines studied previously (IL-1␤, IL-6, IL-8, IL-10, IL-12 p70, IFN␥, and TNF-␣) were measured using a multiplex ELISA platform (MesoScale Discovery, Gaithersburg, MD), and transforming growth factor-␤1 (TGF-␤1) was measured using a commercial ELISA kit (R&D Systems) (14) . All assays were run according to the manufacturer's instructions.
Statistics. Subjects underwent one to three bronchoscopies during the initial 72 h postinjury. To reduce the data to a single point per mediator and patient, if multiple samples were generated for a patient during the first 72 h, the mediator data were averaged. We used multivariate regression analyses to test for an association between DAMPS or cytokines in "early" (Ͻ72 h) bronchial washings and clinical outcomes of infection at any point during the 14 days postinjury. Confounders included in the model were bronchoscopic assessment of initial injury severity [see scoring system we have previously published in Jones et al. (14) ], age, body mass index (BMI), and percent body surface area burn included in the model. Specifically, we fitted the following logistic regression model: 
RESULTS
Patient characteristics. There were 102 patients included in the sample collection and repository. However, patients who had no respiratory bacterial cultures sent during the first 14 days postinjury as part of clinical care were excluded from analysis (n ϭ 30). For dsDNA and the cytokines, the sample size was thus 72. For HSP-70, HA, and HMGB-1, the sample size was 69 because these covariates had more missing values. Demographic and outcomes data for the patients analyzed are shown in Table 1 , with the distribution of collection and positive bacterial cultures in Fig. 1 , B and C. Age and gender were similar between the subgroups who had positive bacterial cultures vs. negative bacterial cultures. Roughly half of the 72 patients had at least one positive bacterial culture from bronchial washings at some point during the 14 days postinjury, and this subgroup is referred to as "infected." Pseudomonas, Acinetobacter, Escherichia coli, Klebsiella, Enterobacter, Hemophilus influenza, Streptococcus pneumonia, and Staphylococcus aureus were all represented in the patient cohort.
For the study population as a whole, length of hospital stay after injury ranged from 2 to 352 days (mean 47 days). The number of days on the ventilator was variable and averaged 32 days. Time on the ventilator was associated not only by the severity of inhalation injury or pulmonary status but also by percent total body surface area (TBSA) and comorbid conditions. Mortality was for the study population was 12%. Mean percent TBSA burns did not differ significantly between infected and uninfected subgroups, but number of days in hospital, number of days on ventilator, and mortality were all significantly higher in the infected subgroup ( Table 1) .
Relationship of DAMPs in early bronchial washings to subsequent bacterial infection. In the multivariate regression model, each of the measured DAMPs in early mainstem bronchial washings was tested for association with bacterial respiratory infection during the first 14 days after injury. Percent TBSA burn, initial airway injury score, BMI, and age were treated as potential confounders in the model. Elevated HA and dsDNA were significantly associated with bacterial infection in the model (P Ͻ 0.05), whereas HSP-70 and HMGB-1 were not. For descriptive purposes, data for HA and dsDNA in infected vs. uninfected groups are shown in Fig. 2 and Table 2 . We also observed that early (patients with positive bacterial cultures within the first 72 h) pulmonary bacterial infection correlates with an increased HA amounts but not an increased dsDNA amount (Fig. 2) . Early levels of HA and dsDNA in bronchial washings from all patients were statistically significantly correlated with each other (Fig. 3) .
Relationship of cytokines in early bronchial washings to subsequent bacterial infection. Each of the cytokines measured was also tested for association with bacterial respira- tory infection in the multivariate regression model. Of this group of cytokines, only IL-10 levels associated significantly with infection (Table 3 ). In our previous report, the ratio of IL-10/IL-12p70 in early bronchial washings was elevated in patients with ALI (14), thus we assessed this parameter here. In addition to IL-10 being significantly associated with infection in the multivariate regression model, the ratio of IL-10/IL-12p70 was also significantly higher for infected patients (Fig. 4) . Levels of IL-10 did not significantly correlate with levels of any of the DAMPs measured (data not shown).
DISCUSSION
Both infection and ALI are associated with morbidity and mortality following burns and inhalation injury (9, 17, 19) . We previously reported that elevated IL-10 and reduced IL-12p70 in bronchial washings were statistically significantly associated with ALI following inhalation injury (14) . It has been postulated that DAMPs released from damaged tissues drive immune dysfunction after injury (3, 16, 27) . We therefore hypothesized that increased DAMPs released from damaged tissue would correlate with bacterial infection and IL-10/IL-12p70 levels. In bronchial washings obtained during the first 72 h after injury, elevated levels of HA, dsDNA, and the cytokine IL-10 were significantly associated with positive bacterial respiratory cultures obtained during the first 14 days postinjury. However, there was no correlation between early HA and dsDNA levels and the early IL-10/IL-12p70 levels.
A major determinant of immune cell recruitment and activity is the TLR family members expressed predominantly on innate immune cells (1, 2) . The primary function of TLR is to be "pattern recognition receptors" for the innate immune system, capable of sensing molecules normally associated with microorganisms (1, 2) . Endogenous ligands also exist for mammalian innate receptors with both necrotic and apoptotic cells able to induce cell signaling through TLR and other innate sensing molecules via release of endogenous ligands, known as DAMPS such as HA, ds-DNA, HSP-70, and HMGB-1 (3, 27) . We and others have shown that TLR expression and signaling is often altered after injury leading to hypo-or hyper-responsiveness (10, 18) . Here we show that early levels of HA and dsDNA in bronchial washings were significantly correlated with each other and elevated levels of both are significantly associated with bacterial infection in patients, whereas HSP-70 and HMGB-1 are not.
Macrophages and neutrophils can be polarized into an anti-inflammatory phenotype due to TLR-signaling by DAMPS released from damaged tissue (4, 12, 15, 23, 31) . These anti-inflammatory macrophages (M2) and neutrophils (N2) secrete high amounts of IL-10, a potent anti-inflammatory cytokine (5, 7, 22, 24) , and have been implicated in the dysfunctional immune response to burn injury. Excessive IL-10 has been shown to be detrimental for bacterial clearance by attenuating protective proinflammatory cytokines, such as IL-12 (25, 26, 28) , and in our prior report elevated IL-10 was associated with increased ALI risk after burn and inhalation injury (14) .
We recently published that burned mice were highly susceptibility to Pseudomonas aeruginosa infection after wound inoculation, with an elevated IL-10/IL-12 ratio and a significant number of innate cells polarized to an IL-10 ϩ IL-12 Ϫ anti-inflammatory phenotype. This study also demonstrated that the susceptibility to P. aeruginosa wound infection could be reduced by administration of a TLR5 agonist, flagellin, immediately after burn injury, which was also associated with reversal of an observed IL-10 ϩ IL-12 Ϫ innate cell polarization. In addition, numerous studies have linked high circulating levels of IL-10 with poor outcomes following burn injury, sepsis, and other bacterial infections (8, 25, 26) . Therefore, current literature and our earlier studies predicted that DAMP release from injury triggers a shift toward M2 or N2 polarized responses, resulting in an elevated IL-10/IL-12p70 ratio and a greater susceptibility to infection. However, this study suggests for the first time in humans that this is not a simple causal (early DAMP release ¡ early IL-10 ¡ bacterial infection) relationship. Our data also suggest that patients that develop early (Ͻ72 h) infections or already have bacteria in the airway trigger more DAMPs with the inhalation injury and more IL-10. While it appears that early levels of HA and dsDNA in bronchial washings were statistically significantly correlated with each other suggesting both are released after injury to similar extents, patients with early infections trend towards greater levels of HA compared with dsDNA. This finding suggests that the microbial flora may act in some way to exacerbate tissue damage and DAMP release. It is possible that these factors are unrelated responses to the same injury and further studies in experimental models may help sort among these possible interpretations. Ongoing studies will assess causative relationships among specific DAMPs, the composition of the DAMPs [for example, does the dsDNA contain mitochondrial DNA, which has been recognized as a potent DAMP in the induction of ALI (30)], immune polarization, and bacterial infections in the setting of burn and inhalational injuries.
Our study is observational and relies on our clinical practice to use serial flexible bronchoscopy for assessment and treatment of airway obstruction. Thus multiple uncontrolled factors other than DAMPs or cytokines most likely contribute to infection risk in our patient population. We attempted to reduce this possibility by including percent TBSA burn, bronchoscopically determined visual severity of initial inhalation injury, age, and BMI as confounders in the statistical model, since these variables are reasonably expected to influence infection risk. Another limitation of this study is our reliance on clinical indications for bronchoscopy and cultures of bronchoscopically derived specimens. To reduce this limitation for the current analysis, we excluded 12 patients who were part of the biorepository but in whom bacterial respiratory cultures were not obtained during the timeframe of interest (the first 14 days postinjury). As a result, our study population was likely biased toward those patients in whom there was some clinical suspicion for infection. A systematic collection of culture data would be needed to eliminate this bias, although this will require careful design to minimize patient risk in the critical care setting.
In summary, this study supports the further investigation of HA, dsDNA, and IL-10 as either predictors of later bacterial infection or having a role in the pathophysiology of infection in the setting of burn/inhalation injury. Elucidating the complex interplay among products of cell damage, cytokines, and bacterial infection susceptibility will help us design new diagnostic and therapeutic strategies for treatment of these patients. Since infectious complications are a main cause of mortality after burn and inhalation injury, it would be extremely helpful to identify biomarkers that might identify the risk for infection, infection itself, and drug targets to improve control of invading pathogens. While DAMPs have been postulated to play a role in various inflammatory conditions, this is the first study to correlate early, local organ-specific DAMP release with later occurrence of bacterial infection in human subjects.
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Infected all Fig. 4 . The ratio of IL-10/IL-12p70 was significantly higher for infected patients compared with uninfected patients. Early IL-10 and IL-12 levels were measured within serial bronchial mainstem washes from patients with inhalational and burn injury and tested for association with later bacterial respiratory infection in all infected patients and in patients with positive bacterial culture within the first 72 h ("infected Ͻ72 h"). Statistical significance (P) was quantified using t-test.
